The effect of spatial frequency adaptation on detection response time was studied using 2-D Gabor functions as stimuli. On the basis of pilot studies, it was expected that reaction time to a given spatial frequency at a low contrast would increase following adaptation to that spatial frequency at a high contrast. Subjects were tested using 2-D Gabor functions that ranged in frequency from 25 to 24 cpd. Subjects' reaction times to the Gabor functions were measured prior to adaptation and after adaptation to a particular spatial frequency. The adapting spatial frequency was either 1, 2, 4, 8, 10, or 16 cpd. The test stimuli were 0.3, 0.5, or 0.7 log units above the unadapted threshold contrast. The subjects adapted to the high contrast test grating for 3 min (80% contrast) and reaction times were again measured in an adapt-test-readapt paradigm. The results showed the greatest increase in reaction time after adaptation when adapting and test spatial frequencies were equal. Spatial frequencies within an octave of the adapting spatial frequency also showed an increase in reaction time but to a lesser extent. Reaction times to gratings with spatial frequencies more distant from the adapting spatial frequency were not significantly affected by the adaptation. The results obtained resemble the tuning curves found for threshold data. Reaction times for stimuli at 0.5 and 0.7 log units above the unadapted threshold were affected less by adaptation than those at 0.3 log units above the unadapted threshold. These results were evaluated in terms of a shifting contrast gain mechanism which may account for both the spatial frequency specific effects of adaptation and the differences found for the different contrast test levels.
Introduction
Spatial frequency adaptation is in many ways similar to light adaptation, one effect of which is to elevate the absolute threshold for light detection by exposure to an intense adapting light. In spatial frequency adaptation, exposure to a high contrast sinusoidal grating produces a temporary elevation of contrast thresholds for grating detection. This elevation is frequency and orientation selective: threshold elevation is maximal for a grating having the same spatial frequency and orientation as the adapting grating, and decreases as either the frequency or the orientation of the test grating departs from that of the adapting grating [1 -3] .
Spatial frequency adaptation has played an important role in shaping current thinking about the mechanisms of spatial vision. In particular, it has been influential in motivating the concept of multiple spatial frequency channels [2] . However, despite over 25 years of research, there is still no clear understanding of how spatial frequency adaptation actually works [4] . It is reasonably certain that it is a cortical phenomenon, rather than a retinal one, since the effect transfers interocularly: an adapting grating presented to one eye alone raises contrast thresholds for test gratings presented to the other eye alone although this amount is only about half that of the adapted eye [2, 5, 6] . In this respect, spatial frequency adaptation differs from light adaptation which is a retinal phenomenon and shows almost no interocular transfer. Spatial frequency adaptation has also been observed in the responses of single cells in the striate cortex in cat [7, 8] and monkey [9, 10] , which would place the site, or at least one site, of the effect at the earliest stages of cortical visual information processing. Both physiological and behavioral studies suggest that the main effect of spatial frequency adaptation is to alter the visual system's contrast gain, which relates image contrast to the magnitude of the response to contrast. More precisely, there is evidence that spatial frequency adaptation has the effect of rescaling contrast [4] . That is, after adaptation, any given physical contrast C has the same effect that some lower contrast aC(aB1) had before adaptation. But it is not clear how this change is accomplished by the visual system.
Psychophysical studies of spatial frequency adaptation have focused almost entirely on the effects it has on various visual thresholds: contrast thresholds for pattern detection, specifically sinusoidal grating patterns [2] , and difference thresholds for spatial frequency discrimination [4, 11] and contrast discrimination [12] . There is to date no direct evidence for an effect of spatial frequency adaptation on visual reaction times. The experiments reported here seek to link threshold studies to reaction time measures by exploring the effect of spatial frequency adaptation on the reaction time to the onset of sinusoidal gratings presented at three different suprathreshold contrast levels.
Reaction time for the detection of sinusoidal gratings is known to increase with increasing spatial frequency [13 -15] . Rudd [14] suggests that the perceptual integration time of the visual system changes in such a way as to maintain a constant reliability with changing spatial frequency and that these quantal fluctuations account for the smooth linear increase in response time with increasing spatial frequency. It is not known whether adaptation will affect this integration time. Such stimulus dependencies may be modified following adaptation if adaptation affects sensitivity to different spatial frequencies to a varying extent. However, if the effect of spatial frequency adaptation on reaction times is not selective to spatial frequency, then the function relating reaction time to spatial frequency should be only shifted by adaptation.
In addition, reaction time to sinusoidal gratings is known to increase as physical contrast decreases [16] [17] [18] . In this experiment, differences in reaction time are expected between the different physical contrasts used, although the reaction time versus spatial frequency curves should only be shifted with respect to test contrast level, provided adaptation affects sensitivity to spatial frequencies uniformly.
Methods

Subjects
Six undergraduate students (two male, four female) at the University of California, Irvine participated in these experiments. They were enrolled as research students and received course credit for their participation. All had normal or corrected-to-normal vision. Subjects received training in response time performance and were familiarized with the equipment and procedures before the experiments were conducted. They were not informed of the experimenter's expectations. If a subject failed to follow any procedure correctly the experiment was discontinued and the subject completed the experiment at a later time.
Apparatus and stimuli
Stimuli were generated on a DEC 3100 workstation model number PM201-CH. The monitor was a Sony Color Trinitron Graphics Display Monitor model number GDM-1602. The monitor had a width of 33.5 cm and a height of 25.25 cm; its frame rate was 60 Hz. The screen resolution was 1024×864 pixels. The luminance versus input level functions for the monitor were measured using a Pritchard Model 1980 photometer prior to the collection of data. The data were used to determine the color look-up tables so that the monitor provided linear contrast values for all test stimuli up to 80% contrast. The mean luminance of the screen was 85 cd/m 2 in all experiments. The computer was controlled through software written by the experimenter.
The stimuli were constructed as two-dimensional Gabor functions oriented vertically and swept horizontally to produce two-dimensional stimuli. The Gabor functions were defined by the following equation:
where x and y are the spatial dimensions; F, cycles per screen; K, contrast; L mean , mean luminance; and |, the width of the Gaussian envelope. The Gabor functions ranged in spatial frequency from 25 to 24 cpd (bandwidth range of 0.03-2.81 octaves as the area of the Gabor patches was held constant). In the reaction time experiments, the Gabor patches subtended 8×8°of visual angle. The adapting stimulus subtended 8×8°a nd was a sinusoidal pattern. The central spatial frequencies which were used as adapters were 1, 2, 4, 8, 10, and 16 cpd. Spatial frequencies at 0.5, 1.0, 1.5, or 2.0 octaves different from the central spatial frequency were also tested, although, not all of these were tested with each central spatial frequency (e.g. when the central spatial frequency was 2 cpd, the surrounding test spatial frequencies were 0.5, 1, 4, and 8 cpd). The onsets and offsets of the stimuli were abrupt, not ramped. The subjects were seated 160 cm from the screen, and a head rest ensured that the proper distance between their eyes and the screen was maintained. Subjects were instructed not to change the position or orientation of their heads during the experiment.
Frequency, duration, and contrast of the stimuli were controlled by the computer. Reaction times were recorded in milliseconds (ms) by the computer to an accuracy estimated to be in the range of 9 25 ms. The computer's internal clock was accurate to 1/256 s. The subjects' responses in all experiments were recorded by their pressing a handheld button. All studies were conducted in a dark room. These conditions were constant for all the experimental sessions.
Procedure
There are two main parts to the procedure. The contrast threshold measurement and the reaction time measurement. The contrast threshold measurements were completed first as these values were needed in order to run the reaction time experiment. There are also a pre-adaptation and a post-adaptation portion of the reaction time experiment. Only one set of pre-and post-adaptation conditions were run per session. These experimental procedures will be discussed individually below.
Contrast threshold measurement
A two-interval forced choice staircase procedure was used to determine the contrast threshold for each spatial frequency tested. During the staircase procedure, each grating was presented for 500 ms and was either in the first or the second interval. A starting contrast of 5% for each test grating was used in most cases. This starting value was raised if the subject was incorrect on the first trial. The initial step was set at 0.5 and this step was increased at subsequent turnaround points by 0.1. For example, if the subject was correct on the first two trials, the contrast would be multiplied by 0.5 after each of those trials. If the subject was wrong on the third trial, the contrast was divided by a factor of 0.6. In short, when the direction changed, the contrast step increased in order to produce smaller contrast changes in the test pattern. The start of each interval was indicated by a tone. The subjects pushed the left button if they saw the pattern in the first interval or a right button if they saw the pattern in the second interval. The subjects received feedback as to whether they were correct on each trial. There were 2 s between trials. Five turnaround points each were recorded for the upper and lower contrasts. The first two turnaround points were discarded. The threshold contrast was determined by taking the average of the remaining turnaround points. Each measurement took approximately 10 min.
Reaction time experiment
The factors varied were adapting spatial frequency (1, 2, 4, 8, 10, and 16 cpd), relative spatial frequency as denoted by octave difference of test spatial frequency from adapter (0, 0.5, 1, 1.5, and 2), test contrast level (0.3, 0.5, and 0.7 log units above unadapted contrast threshold), and adaptation state (pre-and post-adapt). During any one session only one frequency was adapted to and the pre-adaptation reaction times were always recorded prior to carrying out the adaptation studies. This was done to eliminate any carryover effects. Test spatial frequencies were tested in groups of three (one of higher spatial frequency than the central test frequency and one of lower) or five (two of higher spatial frequency than the central test frequency and two of lower). Subjects were given practice trials prior to the collection of data. Reaction times were collected for test stimuli at 0.3, 0.5, and 0.7 log units above unadapted threshold contrasts. These contrast levels were determined using the mean contrast threshold values obtained for each subject at each of the test spatial frequencies prior to adaptation. A value 0.3 log units above threshold contrast was used since the average threshold elevations were less than twice the unadapted level under the conditions used. A value 0.7 log units above threshold contrast was used to be certain that the patterns remained clearly detectable following adaptation. An intermediate value of 0.5 log units above threshold was also used.
The order of test spatial frequencies and contrast levels was randomized. The subject performed 30 trials for each of the test frequencies. When five spatial frequencies were tested, there were 30 blank trials amounting to a total of 180 trials per session. When three spatial frequencies were tested, there were 45 blank trials for a total of 135 trials per session. As noted, between 20 and 33% blank trials were used per session. The recording of misses and false alarms permitted the application of signal detection analysis to the data. Each session lasted no longer than 20 min.
Individual reaction times (in milliseconds) were recorded for each trial as were the means and standard deviations at each frequency. Raw reaction times were later log transformed for further analyses. Subjects' misses and false alarms were also recorded for signal detection analysis.
Pre-adaptation procedure
At the beginning of each session, the subject adapted to a uniform mean luminance screen for 3 min. Each trial was preceded by an interval of 1000 ms, during which the screen was blank but at the mean luminance. A warning tone was sounded before and after this display. The stimulus appeared at a random time (between 1000 and 1500 ms) following the offset of the second tone and remained on the screen for 500 ms. Subjects were instructed to respond to stimulus onset. If a stimulus was present and subjects failed to respond within 1500 ms after stimulus onset, they received a 'miss' message on the screen. If subjects responded when no stimulus was presented, an 'error' message was presented on the screen. Following the subject's response (or, on a blank trial, after 1500 ms had passed since the second tone), there was a pause of 250 ms. A rest period of 30 s occurred after one third of the trials and again after two-thirds of the trials. The screen was at mean luminance during the rest period.
Post-adaptation procedure
This procedure was exactly the same as the pre-adaptation procedure, with the following differences: during the 3 min prior to the recording of reaction times, a high contrast (80% contrast) sinusoidal grating was presented on the display. This grating oscillated temporally (2 Hz) in counterphase to cancel afterimages and to insure a high level of adaptation. During the 1 s prior to each trial and during both rest periods, the adapting grating was again presented to maintain a constant level of adaptation. In total, the adapting grating was present for a total of 420 s (7 min) or 375 s (6.25 min), depending on the number of trials.
Results
Plots of the pre-adaptation and post-adaptation reaction times (means of the log transformed reaction time data) at two adapting spatial frequencies (2 and 10 cpd central adapting spatial frequencies) are plotted for the subject-averaged data at 0.3, 0.5, and 0.7 log units above threshold contrast in Fig. 1 . These two spatial frequencies were chosen to represent the lower spatial frequencies and the higher spatial frequencies tested. Mean reaction times were based only on hits and excluded false alarms. Error bars show the standard error of the mean averaged over subjects and as such reflect the between-subject variability. The adapting spatial frequencies are indicated in the plots. The reaction time (RT) elevations (mean log post-adaptation RT− mean log pre-adaptation RT) are plotted for the subject-averaged data for all spatial frequencies in Fig.  2 for all three contrast levels. These reaction time elevations were taken and plotted as 'tuning curves' in analogy to contrast threshold elevation versus spatial frequency functions.
The standard deviations were higher for the postadaptation measurements, as can be seen in the subjectaveraged data plots, especially at the lower (0.3 log units) test contrasts. Increases in reaction time were found for all adapting frequencies at 0.3 log units above threshold contrasts. The reaction time elevation effect was similar across test spatial frequencies for any given contrast. In Fig. 3 , it can be seen that reaction times were increased for frequencies neighboring the adapting frequency but to a lesser extent. Blakemore and Campbell's [2] contrast threshold (CT) elevation data, which have been transformed into threshold elevation ratios (post CT/pre CT), are replotted with the data from the current study for purposes of comparison. Fig. 3 shows data averaged across subjects and across spatial frequencies by plotting the reaction time elevation (defined above) as a function of the relative spatial frequency difference (in octaves) between test and adapting frequency. The shapes of the curves for the reaction time and threshold elevations are similar in shape especially for the lowest test contrast reaction time data. Both the threshold elevations and reaction time elevations following adaptation are most pronounced if the test and adapting frequency are the same, and this effect decreases with increasing difference in octaves between the test and adapting patterns. There is little difference between test patterns differing from the adapting pattern by an octave or more as can be seen in the figure.
Increases in reaction time were found at 0.5 and 0.7 log units above threshold contrast, although these increases were not as pronounced as at the lowest test contrast. Also, the 'tuning' of the curves seems to be less sharp at the higher test contrasts, and this observation is supported by a significant interaction between relative spatial frequency and contrast level as is reported below.
A 6× 5× 3× 2 analysis of variance was run to determine the effects of subject, relative spatial frequency, contrast level, and adapt level on the log transformed reaction time data. All four main effects were significant. There was a main effect for the subject variable, F(5,375)= 3.96, PB 0.01. This indicates mainly that there were differences with respect to the speed of response of the different subjects to the stimuli. One subject was significantly faster at detecting the stimuli overall than four of the other subjects. There was a main effect of relative frequency, F(4,375)= 14.29, PB 0.01. Subjects were slowest at detecting the 0.5 octave difference frequency and the reaction time decreased with increasing octave difference from the adapting spatial frequency. Subjects were fast at detecting the central spatial frequency, but this is most likely an artifact of the analysis since the data represents all the central test spatial frequencies. There was a main effect of the contrast level of presentation, F(2,375)= 92.03, PB 0.01. Reaction times were slowest at the lowest contrast level and fastest at the highest contrast level. There was also a main effect for the adaptation level, F(1,375)= 153.22, P B 0.01. Subjects were faster in the pre-adaptation level than in the post adaptation.
There were also several significant interactions. There was an interaction between subject and contrast level, F(10,375)= 3.36, PB0.01. Two subjects were not as affected by the difference between the 0.3 and the 0.5 log contrast levels. The other four subjects showed an increase in RT from 0.5 to 0.3 log units above threshold. There was also a significant interaction between subject and adapt level, F(5,375)= 3.77, P B 0.01. One subject was affected more by the adaptation than the others. This was indicated by a more marked increase in reaction time from pre-to post-adaptation for that subject. There was a significant interaction between adapt level and relative spatial frequency, F(4,375) = 26.77, PB 0.01. The effect of adaptation was greatest at the adapting spatial frequency and decreased with increasing octave difference. There was also an interaction between adapt level and the contrast level, F(2,375)=9.68, P B0.01. There was a slightly greater effect of the adaptation on RT found at 0.3 than at 0.5 or 0.7 log units above threshold. Another interaction was found between the adapt level, the contrast level, and the subject, F(10,375)= 4.61, PB 0.01. This finding supports the previously mentioned findings that subjects were differentially affected by the adaptation levels and the contrast levels. The final significant interaction was between the adaptation level, the relative frequency, and the contrast level, F(8,375)= 4.50, PB 0.01. This interaction indicates that the spatial frequencies nearest in octave to the adapting frequency were more affected by adaptation Fig. 2 . Reaction time (RT) elevations (mean log post-adapt RT −mean log pre-adapt RT) at all spatial frequencies (SF) for the subject averaged data following adaptation. All three contrast levels are plotted in each figure as indicated. The abscissa is the octave difference of the test SF from the adapting SF.
than those further away and that this effect was greatest at the lowest contrast level. No other significant interactions were found.
The following analysis involves only the grouped data since the subject differences that were found indicate only a difference in the overall speed of response among the subjects and not inconsistencies in the adaptation effect.
A 3×6× 5 analysis of variance was performed to determine the effects of contrast level, relative spatial frequency, and adapting spatial frequency on reaction time elevation (as defined above). A significant effect was found for contrast level, F(2,394) = 6.96, P B 0.01, with reaction time elevations at 0.3 log units above contrast threshold being significantly larger than those at 0.5 and 0.7 log units above threshold; no effect was found for the adapting spatial frequency. A significant effect for relative spatial frequency was found, F(4,394) =18.92, PB0.01, with the largest reaction time elevation at 0 octave difference from the adapting spatial frequency and decreasing with increasing octave difference. The interaction between contrast level and relative frequency was also significant, F(8,394) = 2.94, P B 0.01, revealing a much greater reaction time elevation at 0 and 0.5 octave differences from adapting spatial frequency at 0.3 log units above threshold than at 0.5 or 0.7. A significant interaction was found between relative spatial frequency and adapting spatial frequency, F(12,394)=1.91, PB 0.05, with larger increases in reaction time when the test spatial frequency is also the adapter or varies by 0.5 octaves.
A 3× 5× 2 analysis of variance was run to determine the effects of contrast, relative frequency, and adapt level on d% and log Beta. In order to perform the analysis, equal variance was assumed for the signal and noise distributions. More data at additional contrast levels would be needed to justify using an analysis that would assume unequal variances for the signal and noise distributions. The calculations of d% and log Beta are dependent on both the number of hits and the number of false alarms. d% is defined in terms of z the inverse of the normal distribution function: d% =
z(H)− z(F) and log Beta is defined as (z(H)− z(F))+ (2z(H)/2 − z(H)+ z(F)/2)
, where H and F stand for hits and false alarms, respectively [19] . Significant increases in d%, F(2,453)= 28.87, P B 0.01, and log Beta, F(2,453)= 29.78, P B 0.01, were found with increasing test contrast. Significant increases in d%, F(1,453)= 8.78, PB 0.01, and log Beta, F(1,453)= 4.20, P B 0.05, were found between pre-adaptation and post-adaptation conditions as well. No significant effect for relative frequency was found for either d% or log Beta. There was, however, a significant interaction between relative spatial frequency and adapt level for d%, F(8,453)= 3.38, PB 0.01,with a larger effect of adaptation level on 0 and 0.5 octave test frequencies than on the frequencies that differed more from the adapter. No other significant interactions were found. The percentages of misses and false alarms for each subject were low, averaging 3.43 and 6.02%, 1.22 and 3.53%, and 0.86 and 1.52%, respectively, in the 0.3, 0.5, and 0.7 log units above threshold conditions. Plots of the effect of contrast, relative frequency, and adaptation level on d' and log Beta are shown in Fig. 4 .
Discussion
The experiments described above show that spatial frequency adaptation selectively increases reaction time for low contrast gratings, with the greatest increase at the adapting frequency and smaller increases at neighboring frequencies. When raw reaction times are converted to log units, the effect of such adaptation is uniform across spatial frequencies. There were significant increases in reaction time when the test gratings were of low contrast (0.3 log units above unadapted threshold contrast) as well as when they were of higher contrasts (0.5 and 0.7 log units above unadapted threshold contrast), although the effect was greater at the lowest contrast. At the higher test contrast levels, gratings at the lowest spatial frequencies tested showed smaller effects. This is consistent with the idea of the 'lowest adaptable channel' of Tolhurst and Greenlee et al. [20, 21] . The fact that the effect of adaptation on reaction time falls off with increasing distance from the adapting frequency is in agreement with the contrast threshold elevation results of Blakemore and Campbell [2] and hence concurs with current theories on the tuning of spatial frequency channels.
A brief comparison of the shapes of the reaction time elevation curves to the contrast threshold tuning curves of Blakemore and Campbell [2] is of interest. Like Blakemore and Campbell's contrast threshold elevations, reaction time elevations are tuned around the adapting spatial frequency. The data obtained in the Fig. 3 . At the higher test contrasts, the tuning effect decreases as the overall magnitude of the adaptation effect diminishes. The mechanisms underlying spatial frequency adaptation that are producing the contrast threshold elevations and reaction time increases have been the focus of numerous models.
Contrast gain control
The pure contrast reduction model, also referred to as a contrast gain control model, assumes that only the effective contrast of a stimulus is reduced, i.e. contrast rescaling [4] . In that case, one would expect changes in apparent contrast at all levels of contrast and corresponding increases in reaction time. Measurements of apparent contrast show that apparent contrast is reduced following spatial frequency adaptation for low contrast stimuli much more than for high contrast stimuli [22, 23] . If adaptation reduces apparent contrast and that reduction increases reaction time, it may be that the reduction in apparent contrast at the lower frequencies is not sufficient to cause a large change in reaction time: higher frequencies may be affected more by adaptation than low frequencies. It is known that the time constant for recovery is longer for high spatial frequencies than for low [24] . Both apparent contrast and reaction time are also being changed by alteration of the internal signal with respect to noise after adaptation, a point which will be discussed in more detail later. Reaction time elevations, however, appear fairly constant across spatial frequencies and this effect is merely reduced with increasing test contrast. This would indicate that spatial frequency adaptation acts uniformly across spatial frequencies which would be more consistent with the current model of Foley and Boynton [25] .
Foley and Boynton [25] propose two decay processes for the recovery function following adaptation. One occurs very quickly following the turning off of an adapting pattern. The second process takes considerably longer and accounts for the persistence of adaptation effects over a longer period of time. Foley and Boynton have modeled the recovery from adaptation using a double exponential function with two time constants which represent the rates of recovery for the fast and the slow components. It is unlikely that the reaction time elevations measured in the present study are representa- Fig. 4 . Fig. 4 . Changes in d% and log Beta following spatial frequency adaptation are plotted. In (a) and (b), d% and log Beta are plotted as functions of the test contrast level and adaptation state. Both d% (a) and log Beta (b) increase with increasing contrast level and decrease following adaptation at each contrast level. In (c), the changes (post/pre) in d% and log Beta are plotted as a function of the octave difference from the adapting spatial frequency. There is almost no change in d% or log Beta for test frequencies differing from the adapter by an octave or more.
tive of the fast portion of recovery as that decay is complete within milliseconds after the adapter is turned off, and are more likely related to the slow portion of the recovery function. Although, a differential effect of adaptation across spatial frequencies is not discussed by Foley and Boynton, the current results indicate that at least the longer time constant may be uniform across spatial frequencies.
Apparent contrast reduction and contrast adaptation
It seems likely that the mechanism responsible for a reduction in apparent contrast, seen as an increase in threshold contrast for near threshold test stimuli, is also underlying the increase in reaction time. Reaction time is known to increase with decreasing contrast [17, 26] , it follows that, if a grating is perceived as being of a lower contrast following adaptation, it should also produce a longer reaction time. This seems to be the case. Further studies are needed, however, to establish a clear covariation between apparent contrast reductions and reaction time elevations. Adaptation may reduce perceived contrast, but if a grating is still easily detectable, there could be no measurable decrease in reaction time. This was true for high contrast test gratings. It may be that for the higher test contrasts, only small reductions in apparent contrast occur following adaptation and no measurable reductions in reaction time are attained.
Asymptotic reaction time as a function of contrast depends on spatial frequency. Lower spatial frequencies have lower contrast asymptotes than high spatial frequencies [27] . This may account partially for any differences between low and high spatial frequencies found in the present experiments concerning reaction times following spatial frequency adaptation. However, for near threshold contrast gratings, if the apparent contrast is significantly decreased, the reaction time would be expected to greatly increase, and this is shown clearly by the present experiments.
Signal detection analysis
The present study considers the detectability of near threshold gratings, and in particular, the effect of adaptation on the detectability of these gratings as measured by changes in reaction times. The present study employed signal detection analysis of the reaction time data. It was found that both d% and log Beta increase significantly with increasing test contrast and differ significantly between pre-and post-adaptation. These results are consistent with numerous other signal detection studies. No significant interactions were found, however, between either log Beta and test contrast or between d% and the test contrast level. This indicates that detectability does decrease between pre-and post-adaptation but that this decrease does not significantly vary across contrast levels. It does, however, differ with relative frequency. Test spatial frequencies that are the same as or vary by less than an octave from the adapting pattern show the greatest reductions in detectability. Very little effect of adaptation on detectability is found for frequencies differing from the adapter by an octave or more. Further studies may reveal a clear connection between adaptation, detectability, and reaction time. For higher contrast stimuli, shifts in contrast gain that produce small reductions in apparent contrast may also not be sufficient to cause a measurable increase in reaction time. It may also have to be coupled with a noticeable decrease in detectability. In pilot experiments not reported here, subjects were run at much higher test contrasts (50 and 75%). Although those data were not analyzed for this paper, the results of this pilot work suggest that as the test contrast is increased, the effect of spatial frequency adaptation on reaction time decreases to zero.
Conclusions
The results from this study are generally compatible with a shifting contrast gain model. Since previous researchers have found reductions in apparent contrast for high contrast stimuli as well as low, it may be concluded that there is a shift in the contrast gain. However, the functional form of the effect of contrast on reaction time must be considered. Adaptation that produces only small reductions in apparent contrast might not greatly affect reaction times to high contrast stimuli, while having a sizable effect on reaction times to low contrast stimuli.
It was previously thought that these kinds of results would only be true provided effective contrast is reduced following spatial frequency adaptation by a set amount, which would have a noticeable effect at low contrasts but not at high contrasts. This would correspond to a subtractive rule for contrast adaptation [23] . This model, however, has been rejected by more recent work [28] . These more recent models have sought to explain contrast gain control in terms of a divisive feedback mechanism for contrast [28, 29] . They might also be useful in interpreting the results obtained here in that they account for the response saturation of cortical cells for high contrasts and rule out the possibility that adaptation results from neuronal fatigue.
Finally, the present experiment has shown that spatial frequency adaptation effects reaction times in addition to the previously studied effects of threshold elevation and reductions in perceived contrast. As with other spatial frequency adaptation studies, this experiment lends support to the presence of multiple spatial frequency channels in the visual cortex. Also, as with many other studies, no apparent benefit of adaptation, perhaps seen as a shortening of reaction times for frequencies distant from the adapter, was found. Although a clear connection between reaction time elevations and other adaptation phenomena remains to be established, it has been shown that adaptation to a particular spatial frequency increases the reaction time to that pattern and that this effect appears to be uniform across spatial frequencies. These results indicate that the effect of spatial frequency adaptation on reaction time is not selective to spatial frequency. Further studies, however, need to be conducted to determine whether this nonselectivity may be affected by other factors.
